Nitrogen ions were implanted in a nickel-free Co-Cr-Mo alloy in amounts of 10 19 , 10 20 , and 10 21 ions m À2 with an acceleration energy of 150 keV and ion-beam current-density of 10 À15 mA m À2 to improve the friction-wear properties. Changes in the composition of the surface layer of the alloy with ion implantation, autoclaving, and immersion in Hanks' solution as a simulated body fluid were characterized using X-ray photoelectron spectroscopy to evaluate the stability of the material and predict the safety and tissue compatibility of the material. The surface oxide layer on the mechanically polished Co-Cr-Mo alloy consisted of oxidic species of cobalt, chromium, and molybdenum, and its thickness was about 2.5 nm. The surface film contained a large amount of OH À , that is, the oxide was hydrated or oxyhydroxidized. After N 2þ implantation, nitrogen atoms existed as cobalt nitride in the substrate just under the surface oxide and NH 3 or NH 4 in the surface oxide, and these amounts increased with the increase of the dose. Chromium was concentrated in the surface oxide but depleted in the substrate with ion implantation. Cobalt was preferentially oxidized by autoclaving and depleted in the substrate after autoclaving. Calcium phosphate was formed, and cobalt was preferentially dissolved during immersion in Hanks' solution. N 2þ -implanted Co-Cr-Mo alloy with an amount of 10 20 ions m
Introduction
Co-Cr-Mo alloys show good mechanical properties, castability, corrosion resistance, and wear resistance. The corrosion resistance of Co-Cr-Mo alloys is higher than that of austenitic stainless steels, and the wear resistance is higher than that of titanium and titanium alloys, while the plastic workability is lower than that of stainless steels, titanium, and titanium alloys. Co-Cr-Mo alloys are used as wear-resistant materials. Most of the heads in an artificial joint consist of Co-Cr-Mo alloys because stainless steels have a disadvantage in corrosion resistance and titanium alloys have a disadvantage in wear resistance. Recently, an artificial hip joint consisting of a metal head and a metal socket, a socalled ''metal-on-metal''-type hip joint, was considered as the next generation of artificial hip joints that will prevent the generation of polyethylene wear debris. The main problem with the metal-on-metal-type hip joint is the generation of wear debris from the metal, which may induce metallosis and other toxicities. Therefore, the high wear resistance of the alloy is necessary for metal-on-metal-type hip joints.
On the other hand, Co-Cr-Mo alloys usually contain nickel as an impurity to maintain workability. The International Agency for Research on Cancer (IARC) of the World Health Organization (WHO) estimates that nickel compounds are carcinogenic, and metallic nickel and nickel alloys are possibly carcinogenic to the human body.
1) The European Parliament has appealed to the member states of the European Community to forbid or restrict the use of nickel-containing alloys for specific applications.
2) Some Co-Cr alloys also contain considerable amounts of nickel, though they are designated as metallic biomaterials for surgical implants. Therefore, nickel-free alloys are expected to be used as metallic implants because they are less toxic to the human body.
To decrease metal wear debris, the surface must be hardened. Ion implantation is a surface treatment mainly used in industry for improving the wear resistance of metals. In the field of biomaterials, nitrogen ions are implanted into titanium and Ti-6Al-4V to improve the wear resistance and compatibility 3) and the corrosion resistance. 4) A thin nitride film formed on titanium with high wear resistance 5) is already commercially used in bone plates, dental implants, and artificial hip joints.
When materials are implanted in the human body, reactions between the surface of the materials and living tissues occur. The biocompatibilities of materials are governed by these reactions. Therefore, the surface properties of materials in the human body are important to discuss the biocompatibilities of the materials. 6) Surface oxide films on metallic materials play important roles in corrosion resistance and tissue compatibility. On the other hand, metal ions are released from metallic biomaterials, such as artificial joints in the body. Released metal ions may cause various phenomena: transportation, metabolism, accumulation in organs, allergy, and carcinoma. The release of a large number of metal ions could be generally harmful for human health.
In this study, nitrogen ions were implanted in a nickel-free Co-Cr-Mo alloy to improve the surface layer. Changes in the composition of the surface layer of the alloy with ion implantation, autoclaving, and immersion in Hanks' solution as a simulated body fluid were characterized using X-ray photoelectron spectroscopy (XPS) to evaluate the stability of the material and predict the safety and tissue compatibility.
Experimental Methods

Specimen
The chemical composition of the Co-Cr-Mo alloy employed in this study is listed in Table 1 . This alloy was originally manufactured based on a Co-29Cr-6Mo alloy (ASTM F799-95) but reducing the amount of nickel. The alloy plates were metallographically polished and finished by polishing with 6-mm diamond particle paste, followed by ultrasonical rinsing in acetone and ethanol for 900 s in each case, drying in a stream of high-purity nitrogen (>99:999%), and storing in a desiccator. Such specimens were identified as the ''unimplanted'' specimen.
Nitrogen ion (N 2þ ) was implanted into an unimplanted specimen with an acceleration energy of 150 keV and an ionbeam current density of 10 À15 mA m À2 . N 2þ s were implanted in amounts of 10 19 , 10 20 , and 10 21 ions m À2 . After the implantation, the specimens were washed and dried using the method described above. Such specimens were identified as ''implanted'' specimen.
For XSP, in addition to unimplanted and implanted specimens, 10 21 -ions m À2 specimens were autoclaved at 394 K for 1.8 ks (autoclaved) and immersed in Hanks' solution without an organic species at 310 K for 605 ks in a 5%CO 2 incubator (Hanks). The Hanks' solution did not contain an organic species. The ion concentrations of the Hanks' solution were similar to those of extracellular fluid, as summarized in Table 2 . The pH of the Hanks' solution was 7.4 just after preparation and did not change during the immersion term. The specimens were rinsed in deionized water to remove chemical species that were physically adsorbed but not chemically incorporated in the surface oxide film.
XPS
XPS was performed with an electron spectrometer (SSI-SSX100). All binding energies given in this paper are relative to the Fermi level, and all spectra were excited with the The energy values are based on published data. 7) In order to estimate the photoelectron peak intensities, the background was subtracted from the measured spectrum according to Shirley's method. 8) The composition and thickness of the surface oxide and the composition of the substrate were simultaneously calculated, according to a method developed by one of the authors of this study. 9, 10) Empirical data [9] [10] [11] [12] [13] [14] and theoretically calculated data 15) of the relative photoionization cross sections were used for the quantification. The relative photoionization cross sections used in this study are summarized in Table 3 , where i j = O 1s represents the relative photoionization cross section of a level j electron of an element i to that of O 1s electrons. The take-off angle was fixed to 35 .
Polarization
Unimplanted and implanted specimens were employed for anodic polarization. The electrolyte was 0.9 mass%NaCl solution that was de-aerated with bubbling N 2 at a rate of 8:3 Â 10 À7 m 3 s À1 . The specimens were immersed in the electrolyte and kept at 310 K for 1:8 Â 10 3 s until the open circuit potential (E open ) was nearly stabilized and anodically polarized from the E open at a rate of 3:33 Â 10 À4 V s À1 . A platinum plate and a saturated calomel electrode (SCE) were used as the counter and reference electrode, respectively.
Results and Discussion
Composition of substrate alloy
The XPS spectra of the binding energy regions of Co 2p, Cr 2p, and Mo 3d electrons obtained from unimplanted specimens are shown in Fig. 1 . After subtracting the background by Shirley's method, 8) each spectrum was decomposed into spectra originating from both metallic and oxide states, as shown in Fig. 1 , according to the binding energy data. [16] [17] [18] The surface oxide film of the alloy was very thin because the metallic-state elements in the substrate were detected through the film. On the other hand, that of the N 1s Table 1 Chemical composition of the Co-Cr-Mo alloy (mass %). electron is shown in Fig. 2 . Nitrogen as NH 3 or NH 4 and nitrogen as nitride were detected. [16] [17] [18] NH 3 and NH 4 exist in the oxide layer, and nitride exists in the substrate by considering chemical states in the oxide and substrate alloy. The composition deviation of the substrate from the bulk composition of Co-36.7Cr-4.6Mo (mol %) was estimated from XPS data, as summarized in Table 4 . For this estimation, the atomic bulk composition was converted from the values in Table 1 .
Cobalt was enriched, and chromium was depleted in the substrate alloy just under the surface oxide film on the unimplanted specimen in comparison with the nominal composition. That is, cobalt was concentrated in the substrate alloy just under the surface oxide film in this alloy. Moreover, cobalt was more enriched, and chromium was more depleted with N 2þ implantation, with the exception of cobalt in the 10 21 -ions m À2 specimen. Molybdenum decreased with the increase of the dose of ions. In addition, nitrogen increased with the increase of the dose. Therefore, cobalt nitride was formed in the substrate with N 2þ implantation. In the 10 21 -ions m À2 specimen, cobalt and molybdenum were enriched after autoclaving, and chromium could not be detected. After immersion in Hanks' solution, cobalt and molybdenum were more enriched, but nitrogen decreased. Cobalt nitride in the substrate is stable in Hanks' solution. Therefore, an apparent decrease of nitrogen was observed because the surface oxide layer grew with the immersion in Hanks' solution and the detection limit of XPS shifted to the outer surface. In other words, more cobalt and molybdenum existed just under the surface oxide, and nitrogen existed at a deeper site. Table 5 reveals the compositions of surface oxide film on specimens. The compositions shown in Table 5 are calculated assuming that the detected carbon originated from a socalled contaminant carbon. It is also assumed that all the oxygen came from surface oxide, where ''oxide'' does not mean simply anhydrous oxidic substances but rather oxyhydroxides. 9, 11) Cobalt was depleted, and chromium was enriched in the surface oxide on the unimplanted specimen in comparison with the nominal composition. This result is in good accordance with the result about the substrate just under Cobalt and molybdenum were depleted, and chromium was enriched with N 2þ implantation, indicating that chromium was selectively oxidized by the ion implantation. Nitrogen increased in the oxide with the increase of the dose of N 2þ . Chromium may, therefore, combine with nitrogen in the oxide. The thickness of the oxide increased with ion implantation.
Composition of surface oxide
In the 10 21 -ions m À2 specimen, cobalt was enriched after autoclaving, and chromium and nitrogen were depleted. Cobalt was more oxidized than chromium. The oxide layer grew according to the oxidation of cobalt. On the contrary, cobalt was considerably depleted, and chromium was enriched after immersion in Hanks' solution. Therefore, it can be said that the preferential dissolution of cobalt occurred 19) during immersion in solution and that chromium was concentrated in the surface oxide film. This dissolution was enhanced by the outward migration of cobalt in the surface oxide film. After the dissolution, the surface oxide consisted of oxidic species of chromium (Cr 3þ ) and molybdenum (Mo 4þ , Mo 5þ , and Mo 6þ ). Calcium and phosphorus were detected on the Hanks' specimen. The binding energy of Ca 2p 3=2 electrons was 347.3-347.6 eV, and that of P 2p electrons was 133.3-133.5 eV, indicating that calcium phosphate was formed. 20, 21) This result is very similar to the calcium phosphate precipitation on titanium and titanium alloys in Hanks' solution. [20] [21] [22] [23] [24] The first stage of calcium phosphate formation is the preferential adsorption of phosphate ions in the case of titanium. 25) Calcium phosphate precipitation also occurs on the N 2þ -implanted Co-Cr-Mo alloy. However, the concentration of calcium to that of phosphorus, [Ca]/[P], is 1.33, which is almost the same as that in titanium ([Ca]/[P] = 1.3 under the same condition 25) ).
Oxygen in surface oxide
The XPS spectrum of the O 1s electron-binding energy region consists of at least three peaks originating from O 2À , hydroxide, or hydroxyl groups, OH À , and hydrate and/or adsorbed water, as shown in Fig. 3. 11) The proportions of these oxygens are summarized in 3.4 Change in the surface oxide layer Biomaterials for implantation must be sterilized before being inserted in the human body. Thus, an autoclaved specimen was prepared in this study to learn the surface composition of the alloy before surgical implantation. Immersion in Hanks' solution was performed to understand the reactions of inorganic ions with the alloy.
According to the results in this study, the surface oxide film changes that take place as a result of N 2þ implantation, autoclaving, and immersion in Hanks' solution could be expressed as shown in Fig. 4 . Figure 5 shows anodic polarization curves of unimplanted and implanted specimens. No large active region was observed, indicating that implanted N 2þ is not actively dissolved. The passive current density was the lowest, in this order: 10 20 -ions m À2 specimen, 10 19 -ions m À2 specimen, unimplanted specimen, and 10 21 -ions m À2 specimen. Therefore, 10 20 -ions m À2 specimen is the best from the viewpoint of corrosion resistance.
Polarization
The 10 21 -ions m À2 specimen showed a slightly active region near 0 V, followed by a decrease near 0.4 V. According to the XPS results, the cobalt concentration increased in the 10 21 -ions m À2 specimen and was highest among implanted specimens. Therefore, cobalt may be selectively dissolved that generates the increase of current density. Then, the current density decreases with the increase of stability of the surface oxide. The stability of implanted nitrogen could not be determined with these results.
Conclusions
The surface oxide layer on the mechanically polished Co-36.7 mol %Cr-4.6 mol %Mo alloy consists of oxidic species of cobalt, chromium, and molybdenum, and its thickness is about 2.5 nm. The surface film contains a large amount of OH À , that is, the oxide is hydrated or oxyhydroxidized. After N 2þ implantation, nitrogen atoms existed as cobalt nitride in the substrate just under the surface oxide and NH 3 or NH 4 in the surface oxide, and these amounts increased with the increase of the dose. Chromium was concentrated in the surface oxide but depleted in the substrate with ion implantation. Cobalt was preferentially oxidized and depleted in the substrate after autoclaving. Calcium phosphate was formed, and cobalt was preferentially dissolved during immersion in Hanks' solution. The N 2þ -implanted Co-CrMo alloy with an amount of 10 20 ions m À2 showed the highest corrosion resistance. Surface Characterization and Anodic Polarization of Nitrogen-Ion-Implanted Nickel-Free Co-Cr-Mo Alloy
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